Abstract -A novel automated Carbon Nanotube (CNT) microinjection system for batch fabrication of a bulk multiwalled carbon nanotubes (MWNT) based MIEMS sensor is under development and described in this papler. The system will eventually combine a micro-robotic statiain for microinjection with AC electrophoretic manipulation of inano-wire bundles to produce nano-wire sensors with much more efficiency in cost and time than currently available fabrication1 methods. We have already proved that CNTs can be repeatably manipulated between micro-fabricated electrodes uslng dielectrophoretic manipulation, and demonstrated devices which can serve as novel thermal sensors with low power con!rumption (-pW) and fast frequency response (-1OOkHz). Our current focus is the develop a feasible batch manufacturable method for functional CNT sensors using an automated microinjection system. The technique of dielectrophoretic manipulation and the design of the microinjection system are presented in this paper.
I. INTRODUCTION
Carbon nanotubes (CNTs), has been .widely studied for its electrical, mechanical, and chemical properties since its discovery. In order to build a CNT based (device, fast and batch techniques to manipulate the CNT has to be developed. Typical manipulation technique is by atomic force microscopy [I]. However, this pick-and-place technique is time consuming, which is unrealistic for batch fabrication. Past demonstrations by K. Yamamoto et al. showed that carbon nanotube can be manipulated by AC and DC electric field [2] [3] . Besides, a recent report from L. A. Nagahara et al. demonstrated the individual single-walled carbon nanotube (SWNT) manipulation using nano-electrodes by AC bias voltage [4] . By using similar technique (i.e., AC electrophoresis), we have successfully manipulated bundled carbon nanotubes to form resistive elements between Au microelectrodes for sensing and electronic circuits efficiently. However, in our prior work, we found that the yield of the batch assembly of the CNT devices cannot be 100% as the volume of' each drop of the CNTdethanol solution during the CNT manipulation can be 'Contact Author: Wen J. Li (wen@acae.cuhk.edu.hk) is an associate professor . at The Chinese University of Hong Kong and also a Distinguished Overseas Scholar (Bai Ren Ji Hua) at the Shenyang Institute of Automation. This project is funded by the Hong Kong Research Grants Council (CUHK4381102 and CUHK4225/03), and the Chinese Academy of Sciences' Distinguished Overseas Scholar Grant. for varied. Therefore, in order to improve the yield, a precise and automated CNT injection system is under development in our group. This paper first presents the technique to form bundled MWNT (multi-walled carbon nanotubes) resistive element between Au electrodes. Our experimental results agree well with computer simulations that modelled the connections of nanotubes between various electrode configurations in different dielectrophoretic (DEP) force fields. Accordingly, AC electrophoresis makes the batch fabrication of nano devices using nanotubes as components feasible. In addition, we have proven that carbon nanotube devices built by this method are capable of performing very low power thermal sensing (Le., -1000 times lower than conventional MEMS polysilicon based fhermal sensors) and can be fabricated in a fast and efficient manner [5]. The detailed process to manipulate nanotubes using AC electrophoresis and the experimental results from using the carbon nanotube bundles as thermal sensing elements will be presented. In addition, the design of the CNT microinjection system will be presented.
AC ELECTROPHORETIC MANIPULATION OF CNT
In our carbon nanotubes dielectrophoretic manipulation experiments, the carbon nanotubes were dispersed inside a liquid medium (e.g., ethanol), therefore other forces (e.g., viscous force), other than the dielectrophoretic forces are also imparted on the carbon nanotubes during the manipulation process. In order to understand the physical phenomenon during the dielectrophoretic manipulation, we conducted the following simulations on the effect of different microelectrode geometries on carbon nanotube alignments. The results were also validated experimentally.
A. Theoretical Background and Modeling
Dielectrophoresis (DEP) is a phenomenon where neutral particles undergoing mechanical motion inside a non-uniform AC electric field. Detailed descriptions on AC electrophoresis can be found in [6] . With negligible gravitational force, the three main force components acting on a CNTs in a solution are the DEP force, the viscous force and the electro thermal force. For other small particles with their volumes compatible to MWNT, the thermal effects can dominate, but the high polarizability of MWNT makes the DEP force large .enough to produce the deterministic movements 
where E is the electric field, m is the induced dipole moment of MWNT. Assumed that the MWNT is a long prolate spheroid with the longest axis aligned with the electric field, the induced dipole moment is m(t) = 4 7~&~a b~K E ( t )
where E,,, , K, a and b are the absolute permittivity of the medium, the complex polarization factor, the half length ..of MWNT and the radius of MWNT, respectively. Since the electric field components are in phase, the time averaged DEP force deduced from the above equations is
where v I E, , l2 is the gradient of the square of the root-mean-square of the electric field. x 10-3, the real part of the complex pplarization factor is positive as shown in Fig. 1 . Although the actual complex polarization factor varies, which is because the absolute permittivity and the orientation of each MWNT varies [SI, Re(Q remains positive. When substituting different permittivity values at lMHz, the DEP force is maximum ?.,hen the longest axis is parallel to the electric field (Re(K)=:995.2j.
By substituting 4, with L, FS: 0.5 in (3), the micimum DEP force can be calculated when it is perpendicular to the field (Re(Qe0.6667). The corresponding positive dielectrophoretic force draws the MWNT to the electric field maxima. An array of microelectrodes is fabricated and the CNT connections across the microelectrodes by dielectrophoresis are shown in Fig. 2 . Details of the experimental procedures for the dielectrophoretic manipulation of MWNT will be presented in the next section. On the other hand, in order to visualize the electric field distribution generated by pairs of microelectrodes, simulations have been conducted and described in the following. The approximate order of the 5 potential was investigated by using Green's theorem [ 1 11, h d the square root-mean-square magnitude of the field was calculated by using MatLab. Since the magnitude of the ++electric field decreases with height from the electrodes, the positive DEP draws the MWNT downwards to the edges of the electrodes. The force fields in Fig. 3 are estimated by (3), assuming that the longest axes of MWNT is parallel to the instantaneous electric field. 
B. Experimental Details and Results
Based on the physical phenomenon of AC electrophoresis, we have successfilly manipulated the bundled CNTs on fabricated microelectrodes. The experimental process flow for the CNTs manipulation can be divided into three parts: fabrication of microelectrodes, sample preparation and experimental testing (see Fig. 4) . The Au microelectrodes were fabricated on glass or Si/Si02 substrates by a standard microfabrication technique, which was described previously in [13] . Prior to the MWNT manipulation, bundled MWNTs were prepared by a sonication treatment. The bundled MWNTs used in the experiments were ordered commercially from [14] which were prepared by chemical vapour deposition. The axial dimension and the diameter of the MWNTs was 1 -10 pm and 10 -30 nm, respectively. In order to form stable colloidal suspension of MWNTs and minimize the degree of aggregation, 50 mg of the sample was ultrasonically dispersed in 500 mL ethanol solution and the resulting solution was diluted to 0.01 mg/mL for later usage.
During the CNTs manipulation, a substrate with fabricated Au microelectrodes was placed on the vacuum pump based stage of a micromanipulator station, which allowed the probing of microelectrodes by microprobes. Au microelectrodes were then excited by an AC voltage source with typically of 16 V peak-to-peak with frequency of 1 MHz.
Approximately 1 OpL of the MWNTs/ethanol solution was transferred to the substrate by a 6 mL gas syringe. The ethanol was evaporated away leaving the MWNTs to reside between the gaps of the microelectrodes. We have observed from the experimental results that bundled MWNTs was attracted towards the Au microelectrodes under non-uniform electric field and connected across the microelectrodes. A representative scanning electron microscopic (SEM) image shuwing the bridging of MWNTs across the Au microelectrodes is shown in Fig. 2 .
The formation of MWNTs linkages can be firther confirmed by testing the connectivity between the pair of microelectrodes. For instance, room temperature resistances between the microelectrodes were measured and the two probe room temperature resistances of the samples typically range from several kR to several hundred kR, which suggested the connection had been formed between the two microelectrodes. As mentioned in the pervious section, AC electrophoretic manipulation is different from those traditional pick-and-place manipulations (e.g., AFM manipulation) which can only assemble CNT devices one at a time. Instead, AC electrophoretic manipulation is a parallel assembly process where batch assembly of CNT devices is theoretically possible when the electrical potential is applied to an array of microelectrodes which are connected electrically together. To prove the validity of batch assembling by AC electrophoresis, we have implemented the experimental procedures mentioned and extended to an array of Au microelectrodes which are electrically connected together on a substrate (see Fig. 5 ). By using the same experimental parameters presented before, we have successfully manipulated the CNT bundles on most of the Au microelectrodes by AC electrophoresis in a single-run fashion. The connections of bundled CNTs for different pairs of microelectrodes on a substrate after addition of one drop of MWNTdethanol solution (-1OpL) were shown in Fig. 6 . In order to confirm the linkage of bundled CNTs across two microelectrodes, the room temperature resistance corresponding to each pair of microelectrodes was measured. The CNT connection process was deemed successful between 2 microelectrodes when the room temperature resistance measured became several kR to several hundred kR. Several chips were then checked using a scanning electron microscope (SEM) to validate the CNT connections between the electrodes. Plots of statistical data for different experiments were generated (see Fig. 7 ), which shows the maximum, minimum, average and standard deviation (S. D.) among the measured resistances on each sample. From the experimental results, we have observed that the range of the room temperature resistances is from several k n to several hundred kR as stated earlier. Besides, we have experimentally found that the success rate for different sensor chips are consistent with overall success rate, which is equal or greater than 70%. The success rate is defined as the ratio of the number of successful CNTs-connected microelectrodes to the total number of microelectrodes on a substrate. Since the volume of each drop of the CNTdetIianol solution iu the experiment is not consistent, the yield of the batch assembly of the bundled CNTs cannot be 100% based on our current rudimentary techiiique. However, the batch AC electrophoretic manipulation of buiidled CNTs is efficient and reliable based 011 our experimental validation, and the yield can be further improved by using a more precise injection system, which will be described in the later section. 
CNT AS SENSING ELEMENTS
With the ability to batch manipulate the bundled CNTs to fonn resistive elements on patterned substrates, we have investigated the possibility to utilize the bundled CNTs as sensing elements for thermal sensing. The bundled MWNTs as sensing elements for micro thermal sensors can be driven by a simple constant current circuit. An experiment for investigating the temperature dependence of the bulk MWNT sensor was performed. The fabricated sensor chip was packaged on a PCB for data acquisition and was put inside an oven. Then, the resistance change of the MWNT sensors was measured as the temperature inside oven was varied. The temperature-resistance relationship for the MWNT sensors was iiieasured and a representative data set is shown in Fig. 8 for several cycles of measurements. From the experimental results, the bundled MWNT resistance dropped with temperature. Other than the first measurement cycle, the resistance at room temperature converged and the slopes were consistent for each measurement. The negative TCR of the MWNTs had been reported previously in The I-V Characteristic of the MWNT sensors was also investigated. From the results of experiments conducted on the MWNT sensors, the current required to induce self heating of the MWNT devices was in pA range at several volts, which suggests that the power consumption of these devices is in the pW range (see Fig. 9 ). Investigation on the frequency response of the MWNT sensor was also carried out. To test the frequency response of the embedded bundled MWNT sensor, input square wave of 3V peak-to-peak at 19 kHz was fed into the negative iiiptit teriiiiiial of tlie circuit and tlie output response was observed on an oscilloscope (see Fig.  IO There a r e s e v e r a l t e c h n i c a l pi-oblrms tllnt I n l i s t bc addressed to develop our custom-built niicroiiijcction system. A more traditional problem, which has long been nddi-essetl by the IC iiianufiicturing industry, is described bclow. A iiiore bio/iiano technology related problem that is still not fully solved by tlie bio or iiaiio engineers is not discussed in this paper but is also very important is tlie interplay ol' surlbce atlliesioii forces between different materials, e.g., tlie ctc//ic.sia/~ o f a solution droplet to an injection capillary.
Before tlie iiijection/spottiiig process, calibration is needed to obtain an exact relative position between the h l d of view of tlie microscope and tlie accurate X -Y -Z frame\vork, which is denoted by R shown in Fig. 1 obtainini' x is illustrated in Fig. 13 . To implcment this, it sample chip for calibration is first put on tlie X -Y stage, aiitl iaii.of the chip is set as tlie origin. Afterwards, the nano-probe attached io tlie Z-stage is moved doivnwards to transfer n solution droplet onto tlie chip. Tlie X-Y stages arc tlieii, moved and tlie probe spotskjects another droplet on the ':'clJip. 'BY repeating tliis prbcess several tiiiies, a matrix of ,'droiIlets is ob&ed ( cl in Fig. 13 
E. Injection process
AAer obtaining the relative position R of the sample chip and the probe, the chip with arrays of electrodes can be put on the X-Y stage and its position is adjusted in the field of view of the microscope so that the relative position of the chip and the probe is same as the position R obtained in the calibration process. Since parameters such as the position of each microelectrode and the distance between the arrays of microelectrodes are defined (Fig. 14) during the sensor chip design process, the spottinglinjection process can eventually be perfonned by a computer program automatically. For example, the X-Y stages with the chip can be first moved to the relative position such that one of the.microelectrodes of the chip is exactly under the nano-probe, then the probe on the Z-stage is commanded to move downwards to deliver a drop of the solution on the microelectrodes. The X-Y stages are then repeatedly moved according the parameters set in the design process and the probe transfers the solution.to the rest of the microelectrodes accordingly.
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